The University of Akron

IdeaExchange@UAkron
Williams Honors College, Honors Research
Projects

The Dr. Gary B. and Pamela S. Williams Honors
College

Spring 2022

Retaining Thermoresponsive Poly(vinyl methyl ether) to Cellulose
via (3-Aminopropyl)triethoxylsilane Network
Grace Tolhurst
gmt27@uakron.edu

Follow this and additional works at: https://ideaexchange.uakron.edu/honors_research_projects
Part of the Polymer Science Commons

Please take a moment to share how this work helps you through this survey. Your feedback will
be important as we plan further development of our repository.
Recommended Citation
Tolhurst, Grace, "Retaining Thermoresponsive Poly(vinyl methyl ether) to Cellulose via
(3-Aminopropyl)triethoxylsilane Network" (2022). Williams Honors College, Honors Research
Projects. 1492.
https://ideaexchange.uakron.edu/honors_research_projects/1492
This Dissertation/Thesis is brought to you for free and open access by The Dr. Gary B. and Pamela
S. Williams Honors College at IdeaExchange@UAkron, the institutional repository of The University
of Akron in Akron, Ohio, USA. It has been accepted for inclusion in Williams Honors College,
Honors Research Projects by an authorized administrator of IdeaExchange@UAkron. For more
information, please contact mjon@uakron.edu, uapress@uakron.edu.

Retaining Thermoresponsive Poly(vinyl methyl ether) to Cellulose via (3Aminopropyl)triethoxylsilane Network
Grace Tolhurst
Department of Chemical, Biomolecular, and Corrosion Engineering
Honors Research Project
Submitted to
The Williams Honors College
The University of Akron

Table of Contents
Executive Summary .................................................................................................................................... 3
Introduction ................................................................................................................................................. 5
Background ................................................................................................................................................. 6
Experimental Methods ............................................................................................................................... 7
Materials and Equipment: ......................................................................................................................... 7
Preparation of Thermoresponsive Cellulose-Based Material: .................................................................. 8
Characterization of Retained Films on Cellulose Surface: ....................................................................... 9
Statistical Analysis: ................................................................................................................................... 9
Data and Results ....................................................................................................................................... 10
Thermoresponsive Behaviors of Retained Films on Cellulose Surface: ................................................. 10
30/70-blended Cellulose/Polyurethane sheet: ..................................................................................... 10
Compressed Cellulose Sponge: ........................................................................................................... 12
Natural Cotton Sheets: ........................................................................................................................ 14
Filter Paper- ........................................................................................................................................ 16
Discussion .................................................................................................................................................. 21
References .................................................................................................................................................. 24
Appendix A ................................................................................................................................................ 25
Appendix B ................................................................................................................................................ 26

2

Executive Summary
Poly(vinyl methyl ether) (PVME), a thermoresponsive polymer that has a lower critical
solution temperature (LCST) close to the physiological temperature, has recently been prepared
on glass and silicone surfaces and used as thermoresponsive cell culture supports for cell
growth/proliferation followed with cell/cell sheet harvesting by simply switching the temperature
(2). Due to the drawbacks of rigidity of glass and high cost of silicone, materials that are flexible,
tough, inexpensive as well as the ability to retain PVME on the surface are being sought after.
Cellulose, a common, inexpensive, environmentally friendly natural material used in everyday
applications, is a potential candidate. The main objective of this project was to retain PVME on
the various forms of cellulose to generate thermoresponsive membranes and flexible liners that
can be incorporated into bioreactors for producing cells and cell sheets to be used in regenerative
medicine.
The retention of a PVME film on the cellulose surfaces was proposed through
crosslinking of PVME with a 3-aminopropyltriethoxysilane (APTES) network, which was
chemically anchored to cellulose. Four different types of cellulose surfaces, after proper
oxidization, were dipcoated in a 4wt% 50:50 PVME/APTES blend, and then thermally annealed
at 80oC at ~ 30 mTorr in a vacuum oven for a minimum of 24 hours to a maximum of one week.
The treated cellulose samples, without or with rinsing with room temperature DI water to remove
the un-retained PVME, underwent water contact angle analysis at surface temperatures above
and below the LCST of PVME, which is of 32 – 35°C, to assess the thermoresponsive behavior
of the produced blend films. The cellulose-based materials that were tested were 30:70
cellulose/polyurethane (PU) blend sheet, compressed cellulose sponge, natural cotton sheet, and
filter paper.
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The 30:70-blend cellulose/PU sheet exhibited slightly hydrophobic behavior before
treating with the 4wt% 50:50 PVME/APTES blend as it was qualitatively observed that water
droplets spread on its surface but were not completely absorbed by the 30-blend cellulose/PU
sheet. We measured the static and advancing water contact angles on the 30:70-blend
cellulose/PU sheets for each sample before and after treatment. The compressed sponge, natural
cotton sheet, and filter paper all exhibited significant hydrophilic behavior as the material
absorbed the droplet quickly before treatment. After treatment, the rate of absorption of the
droplet decreased, exhibiting slight hydrophobic behavior. Hydrophilic behavior dominated the
absorption of the droplets, seen by high absorption rates, therefore, only advancing angles were
able to be measured for the compressed sponge, natural cotton, and filter paper samples.
We performed statistical analysis, using One way ANOVA to prove statistically
significant water contact angle increases from 25 to 40oC, for each treated cellulose surface per
trial run and for an average of all runs of the same material. Most of the cellulose-based surfaces
treated with the 4wt% 50:50 PVME/APTES blend exhibited an increase in water contact angle
when the surface temperature was increased from 25 to 40oC. This increase in water contact
angles demonstrates thermoresponsive behavior, signifying the retention of PVME on the
cellulose surface through entrapment in the APTES network. However, not all runs, or averages,
proved to significantly increase (p<0.05), as there was difficulty in maintaining surface
temperature during the contact angle measurements. The effects of uptake during dipcoating
were not accounted for and it is unknown as whether the cellulose surfaces could have been
better pre-treated through oxidation by air plasma. Further testing of binding PVME to cellulose
via APTES network is needed to defend its use in bioreactors for producing cells in regenerative
medicine.
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Introduction
“Smart,” or stimuli-responsive, materials have the ability to respond drastically to a
certain stimulus, such as change in pH or temperature, in ways that alter the material’s
properties, shape, rigidity, porosity, etc. (1). Stimuli-responsive supports and devices that are
fabricated from relatively inexpensive materials are attractive for a variety of applications, such
as oil recovery, food processing, environmental protection, controlled drug delivery and
regenerative medicine. Cellulose, the most abundant renewable organic material in nature, can be
fabricated into stimuli-responsive materials through chemical modifications or physical
incorporating/blending. They can be prepared in a variety of forms, such as particles, gels, fibers,
membranes, and films to be used in numerous applications (1).
To fabricate stimuli-responsive materials using cellulose, one must combine cellulose
with a stimuli-responsive polymer. One of the most common stimuli-responsive materials is
thermoresponsive polymers (TRP)s, which exhibit a sudden volume phase or hydrophilic to
hydrophobic transition upon change of temperature. For those TRPs that are in a hydrophilic
state at a low temperature and transition to a hydrophobic state when the temperature increases
above their hydrophilic to hydrophobic transition, they are defined as TRPs with a lower critical
solution temperature (LCST). Poly(vinyl methyl ether) (PVME), which has an LCST of 32 –
35°C, close to biological temperature, is one of such TRPs, and is an attractive candidate for
applications such as cell/cell sheet harvesting in regenerative medicine (2). Currently,
thermoresponsive surfaces prepared on polymeric supports are being explored for cell
growth/proliferation and for cell/cell sheet harvesting applications. The thermoresponsive
supports allow the harvesting of cells or cell sheets by simply switching the temperature, thus
eliminating the need of using chemicals to remove the adhered cells or cell sheets from the
5

supports. Cellulose is a common, inexpensive, versatile material used in everyday applications, it
is a potential candidate for replacing currently used more expensive silicone, or difficult to
process polyvinylidene fluoride and polyethersulfone.
The objective of this project was to retain PVME on the cellulose sheets to generate
thermoresponsive membranes and flexible liners for bioreactors that will ultimately be used in
producing cells and cell sheets in regenerative medicine.

Background
Two of the studies conducted that are directly related to this project are the retention of
poly(N-isoprpylacrylamide) (pNIPAAm) film on polycarbonate (PC) via polymer interdiffusion
(4) and the retention of PVME on the 3-aminopropyltriethoxysilane (APTES) networks via
thermal treatment and cross-linking (2). In both studies, the effects of varying process conditions,
such as annealing time or temperature and initial solution concentration, on film retention
(thickness) and thermoresponsive behavior (observed via water contact angle) were observed. As
PVME is less expensive and more easily processed as compared to pNIPAAm, the combination
of PVME with abundantly available cellulose could result in an attractive alternative for
currently used more expensive, or difficult to process pNIPAAm based thermoresponsive cell
culture supports.
In order to retain a thin film of PVME on silica surfaces (e.g., glass) via entrapment of
PVME in the APTES network PVME on a substrate, Malekzadeh utilized 2 wt% PVME and 2
wt% APTES in blends of 90:10 and 50:50 (PVME/APTES) (2). Thermal annealing allows
APTES molecules to cross-link with PVME, retaining a PVME film on the surface. Malekzadeh
observed PVME film retention at annealing temperatures of 40 to 120 oC and annealing times of
1 to 3 days. It was observed that annealing samples at 120 oC for one day leads to >85% film
6

retention on the silica substrates (2). For this study, the annealing temperature was set to 80 oC as
cellulose papers tend to discolor around 120 oC and annealing at temperatures < 80oC has been
reported to prevent the APTES network from fully cross-linking. Additionally, Malekzadeh
observed that 50:50 PVME/APTES blends displayed slightly more hydrophobic behavior, so to
further ensure film retention and thermoresponsive behavior, a 4wt% 50:50 PVME/APTES was
utilized throughout the study (2).
To verify this thermoresponsive behavior, the water contact angle at temperatures above
and below the LCST, which was observed by Malekzadeh to be around 32-34 oC, were measured.
At temperatures above LCST, the hydrogen bonds between the water molecules and the ether
groups in the PVME polymer chain become weak, resulting in a collapsed and slightly
hydrophobic state that promotes protein adsorption and cell attachment. At temperatures below
the LCST, the polymer forms hydrogen bonds with surrounding water molecules, resulting in
hydrophilic behavior that would result in the repulsion of protein adsorption and cell release (2).
The results obtained in this study indicate a hydrophilic to hydrophobic transition
between 25 to 40oC for various cellulose surfaces treated with the 4wt% 50:50 PVME/APTES
blend: 30:70 cellulose/polyurethane blend sheet, compressed cellulose sponge, natural cotton
sheet, and filter paper. Additional experimentation is needed to expand upon the data acquired in
this study to further support the significance of occurrence of thermoresponsive behavior on the
treated cellulose surfaces.

Experimental Methods
Materials and Equipment:
Poly(vinyl methyl ether) (PVME, 50% solution in H 2O, 1.03 g/mL) and 99% (3aminopropyl) triethoxysilane (APTES) were purchased from Sigma-Aldrich. The 200 proof
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ethanol was from EMD. DI-water was purified inhouse. Cellulose materials used were
compressed cellulose sponges (For Pro), 30/70 of blend cellulose/polyurethane (PU) sheet
(Thailand), natural cotton sheets (Amazon), and filter paper (grade 1, qualitative, 125 mm
circles, Whatman). Equipment implemented in this study were a dipcoat apparatus (linear
actuator), a UV/Ozone cleaner (model 42, Jelight Company), analytical balances with an
accuracy of 0.1 mg, and a vacuum oven. Additional equipment were, a hotplate (Corning), heat
lamp (Underwriters Laboratories), thermocouple with multimeter (Klein Tools), and an infrared
thermometer (Etekcity Corporation). A contact angle goniometer (Rame-Hart Instrument Co)
fitted with a CCD camera, and a USB camera were also utilized.

Preparation of Thermoresponsive Cellulose-Based Material:
Four wt% APTES and 4wt% of PVME, both in 200 proof ethanol, were prepared
separately, then mixed to make a PVME/APTES blend with a mass ratio of 50:50.
Approximately, 15 mL of the solution was introduced to a 20 mL glass vial. Thin strips of
compressed cellulose sponge, ~2x8cm, 30/70-blend cellulose/PU sheet, natural cotton sheet, and
filter paper were prepared by marking the front side (side to be treated) of the sample and then
oxidizing each for 10 to 12 minutes in the UV/Ozone chamber. The bottom 2 cm of each sample
was dipcoated as follows: the top of the strip was attached to the linear actuator, which was
lowered at a setting of 30 (0.116 cm/s) in to the PVMS/APTES solution until ~ 2 cm of its
bottom portion was submerged in the solution, and held at this position for 10 seconds, then the
strip was raised at a setting of 30. The percentage of humidity and temperature of the air was
recorded for each dipcoated sample. The dipcoated samples were then placed inside glass Petri
dishes and then placed inside the vacuum oven to be annealed at 80 oC at ~ 30 mTorr for a
minimum of 24 hours to a maximum of one week. The annealed samples were removed from the
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oven, cooled, and placed on clean glass slides inside a polystyrene petri dish prior to
characterization or use.

Characterization of Retained Films on Cellulose Surface:
The advancing and static water contact angles were measured on the PVME modified
sample at 25oC and 40oC by placing the sample on a stage that could be heated or cooled. Once
the stage reached the set temperature, the sample was placed on the stage and allowed to
equilibrate for approximately 1 minute. The sample was moved in front of the camera and a
water droplet was slowly placed onto the sample until it was ready to advance. The images were
captured by a camera and the software Yawcam with an interval of 50 milliseconds. Only
advancing droplets were captured for the compressed cellulose sponge, natural cotton sheets, and
the filter paper. For the 30/70-blended cellulose/PU sheet, static and advancing droplet images
were obtained. Static droplets were added to the sample by lightly dropping a water droplet on
the sample and allowing it sit for roughly 30 seconds. Images were captured similarly to the
method listed prior. The surface temperature of the sample was measured via infrared
thermometer before and after applying the water droplets, to determine the average surface
temperature. Water droplet images were captured for samples before and after rinsing with DI
water. The contact angles were measured from the captured images using a software called
ImageJ.

Statistical Analysis:
Upper and lower limits for water contact angle measurements were determined by using
the interquartile range (IQR) to indicate outliers. Experimental results were presented as mean ±
standard error. The differences between the two temperatures (25 and 40 oC) were evaluated
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using One Way ANOVA. The statistical analysis was performed via Microsoft Excel. The data
was considered statistically different when a p-value less than 0.05 was calculated.

Data and Results
Thermoresponsive Behaviors of Retained Films on Cellulose Surface:
Water contact angles were measured on the films to assess the thermoresponsive
behaviors of the retained films on the cellulose surfaces. The results section is split based on the
four different types of cellulose samples, 30/70-blended cellulose/polyurethane (PU) sheet,
compressed cellulose sponge, natural cotton sheet, and filter paper contained in Figure 1. For
further reference, the lower critical solution temperature (LCST) of the retained PVME/APTES
blend film (50:50) was determined to be 32-34 oC, according to Malekzadeh (2).

Figure 1- Digital images of 30-blend cellulose/PU sheet (A), compressed cellulose sponge (B), natural cotton sheet
(C), and filter paper (D) before treatment with the 4wt% 50:50 PVME/APTES blend

30/70-blended Cellulose/Polyurethane sheet:
Before treatment, the 30/70-blended cellulose/PU surface did not exhibit
thermoresponsive behavior. Before and after oxidation, the nontreated samples at room
temperature exhibited moderately hydrophilic behavior, as the water contact angle was small;
however, the material did not uptake the entire water droplet. After treating the samples with the
50:50 4wt% PVME/APTES blend, the wetting of the 30/70-blended cellulose/PU surface at
10

room temperature was observed, showing increased hydrophobic behavior compared to its
nontreated counterparts. The difference between the treated and nontreated oxidized samples was
approximately 65o at room temperature. Figure 2 below shows the static (S) water contact angles
of the nontreated oxidized sample (A) and the treated sample (B) at room temperature, as well as
the treated sample at 40oC (C).

Figure 2- Digital images of the static water contact angles of nontreated (A): 14 o, and PVME/APTES coated 30/70blended cellulose/PU at room temperature (B): 70o, and 40oC (C): 95o. The values are represented as average ± their
standard error.

The variance in water contact angle was then observed for temperatures above and below
the LCST, i.e., 25 and 40oC respectively. The static and advancing (A) water contact angles, for
non-rinsed (NR) and rinsed (R) samples measured above and below LCST for all three trial runs
are summarized in Figure 3. It was observed that by increasing the surface temperature from 25
to 40oC, an increase in water contact angle occurred; however, not all runs were proven to have a
statistically significant change. Varying parameters such as air humidity, poor film annealing, or
inconsistent surface temperature during angle measurements potentially contribute to the
insignificance and occasional angle decrease. It is predicted that further experimentation would
validate thermoresponsive behavior for the 30-blend cellulose/PU sheets treated with the 50:50
PVME/APTES blend.
Additional analysis was performed to determine average static and advancing contact
angle trends for all the runs performed. The static water contact angles, for NR and R samples, at
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a temperature of ~40oC on the retained blend films were found to be significantly higher than
those found measured at 25oC, verifying thermoresponsive behavior, as a transition from
hydrophilic to hydrophobic behavior is observed (~10 o difference, p=0.00 for NR, and ~4o
difference, p=0.02 for R). Similarly, the advancing water contact angles, for NR and R samples,
at ~40 oC on the retained blend films displayed a hydrophobic transition; however, more testing
is needed to prove the significance of the NR samples (~3 o difference, p=0.46 for NR, and ~6o
difference, p=0.00 for R). The average of the change in water contact angle measurement from
25oC to 40oC for all trials is presented in Figures 12 and 13, where for the 30:70 cellulose/PUblend samples the static angle increased from ~80o to 88o and the advancing angles increased
from ~100o to 105o.

Figure 3- The average water contact angles for three trials runs of treated 30:70-blend cellulose/PU sample surfaces
are plotted above and below LCST, 25 and 40oC, respectively. For the non-rinsed (NR) samples, contained in Chart
A, static (S) contact angle measurements were observed to increase with surface temperature for all runs, while the
advancing (A) contact angles increased for each run, except run 1. This decrease indicates experimental error. For
the rinsed (R) samples, contained in Chart B, S contact angles were observed to increase for all runs, except run 1
where the angle averaged the same for both temperatures. The A contact angles increased for all runs. The
statistically significant different angles, i.e., p<0.05, are represented by a checkered pattern. An increase in contact
angle from below to above LCST displays thermoresponsive behavior.

Compressed Cellulose Sponge:
The wetting of the compressed cellulose sponge surface was observed before treating the
samples with the 50:50 4wt% PVME/APTES blend. Before and after the oxidation of the
compressed sponge’s surface, the absorption of the water droplets into the material occurred
12

instantaneously. The uptake of the water droplets was quicker than 10 milliseconds and unable to
be captured with the equipment available. However, after treatment with the 50:50 4wt%
PVME/APTES blend, the surface exhibited more hydrophobic behavior, as the rate of absorption
of the water droplet decreased, allowing the advancing water contact angle to be measured. Static
angles were unable to be measured in this study. Additionally, the sponges expand after the
addition of a water droplet, so measurements were not made for rinsed compressed cellulose
sponge surfaces.
The advancing water contact angles for non-rinsed samples measured above and below
LCST are reported in Figure 4. For all runs, an increase in water contact angle was observed
when the surface temperature was increased from 25 to 40oC; however only run 2 was
determined to be statistically significant (~9o difference, p=0.0). Further experimentation could
prove the significance of the increase in water contact angle with increasing surface temperature,
to prove the occurrence of thermoresponsive behavior.
Additional analysis was performed to determine average static and advancing contact
angle trends for all the runs performed. The advancing water contact angles at a temperature of
~40oC on the retained blend films were found to be significantly higher than those measured at
25oC, verifying a hydrophilic to hydrophobic transition, hence confirming thermoresponsive
behavior (~6o difference, p=0.00). Figure 5 shows water droplets below (A) and above (B)
LCST. The average increase in water contact angle from 25oC to 40oC for all trials is represented
in Figures 12 and 13, where for the compressed sponge samples the advancing angles increased
from ~101o to 107o.
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Figure 4- The average of the measured water contact angle for each trial run of the treated compressed cellulose
sponge samples is plotted above and below LCST, 25 and 40 oC, respectively. For the advancing angle, an increase is
observed in all runs. The p-values for runs 1 through 3 for the average advancing contact angles are as follows,
where run 2 proves statistically significant: 0.5; 0.0; 0.1. An increase in contact angle from below to above LCST
displays thermoresponsive behavior.

Figure 5- Digital images of the advancing water contact angles on a compressed cellulose sponge surface at 25 oC
(A): 98o, and at 40oC (B): 106o. The values are represented as average ± their standard error.

Natural Cotton Sheets:
The wetting of the natural cotton sheets was observed before treating the samples with
the 50:50 4wt% PVME/APTES blend. Like the compressed sponges, before treatment, the
absorption of water droplets into the material was observed to be instantaneous and the image of
a static angle was unable to be captured as it was quicker than 10 milliseconds. After treatment
with the 50:50 4wt% PVME/APTES blend, the rate of absorption of the droplet into the material
decreased and an advancing angle was able to be measured. Figure 6 shows a natural cotton
sheet before (A) and after (B) treatment with the blend. The blend film is characterized by the
lightly yellowed region on the right side of the sheet.
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Figure 6- Digital images displaying the natural cotton sheet before (A) and after treatment with the 50:50
PVME/APTES blend (B). The blend film after drying is characterized by a yellowish hue.

The static angles were not able to be measured for the natural cotton sheets. The
advancing water contact angles, for non-rinsed and rinsed samples measured above and below
LCST are presented in Figure 7. An increase in water contact angle was observed as temperature
increased from 25 to 40oC for most of the runs; however, only runs 1 and 4 were proven
statistically significant (~18o difference for run 1, ~8o difference for run 2, both p=0.0),
indicating a need for further experimentation to more strongly support thermoresponsive
behavior.
Additional analysis was performed to determine average advancing contact angle trends
for all the runs performed for the natural cotton sheets. The advancing water contact angles at a
temperature of ~40oC on the retained blend films were found to be significantly higher than
those measured at 25oC, signifying a hydrophilic to hydrophobic transition, confirming
thermoresponsive behavior (~4o difference, p=0.02 for NR, and ~5o difference, p=0.01 for R).
Figure 8 shows the advancing water contact angle at 25 oC (A) and 40oC (B). The average
increase in water contact angle measurement from 25oC to 40oC for all trials is represented in
Figures 12 and 13, where for natural cotton sheets, the advancing angles increased from ~125 o
to 130o.
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Figure 7- The average water contact angles for four trials runs of treated natural cotton sheet surfaces are plotted
above and below LCST, 25 and 40oC, respectively. For the non-rinsed (NR) samples, contained in Chart A,
advancing (A) contact angle increased for each run, except run 3. This decrease indicates experimental error. For the
rinsed (R) samples, contained in Chart B, the A contact angle increased for all runs, expect run 3. Trial runs which
the angle increase was proven to be statistically significant, p<0.05, are represented by a checkered pattern. An
increase in contact angle from below to above LCST displays thermoresponsive behavior.

Figure 8- Digital images of the advancing water contact angles on a natural cotton sheet surface at 25 oC (A): 130o,
and at 40oC (B): 150o. The values are represented as average ± their standard error.

Filter PaperThe wetting of the filter paper was observed before treating the samples with the 50:50
4wt% PVME/APTES blend. Before and after oxidation, the filter paper exhibited similar
hydrophilic behavior to that of the compressed sponge, and the natural cotton sheets. As the
absorption of the water droplets into the material was quicker than 10 milliseconds, no images of
the static water contact angle were able to be captured. After treatment with the 50:50 4wt%
PVME/APTES blend, the absorption rate of the droplet into the surface decreased and the
images of the advancing water contact angle were captured and measured. Figure 9 shows the
16

filter paper before (A) and after treatment (B) with the PVME/APTES blend; the blend film is
yellowish in color, in contrast to the normal white of the filter paper. Figure 10 contains the
images of the water contact angle below (A) and above (B) LCST on a treated filter paper
surface. The advancing water contact angles for non-rinsed and rinsed samples measured above
and below LCST are contained in Figure 11. A hydrophilic to hydrophobic transition was
observed for all trials, as an increase of water contact angle with surface temperature was
observed. For NR samples, runs 1, 2, and 4 proved statically significant (~18 o difference for run
1, ~12o difference for run 2, and ~5o difference for run 4). For R samples, runs 2 and 4 were
proven statistically significant (~9o difference for run 2, ~22o difference for run 4). Since not all
runs proved to be statistically significant, further experimentation is needed to further support the
occurrence of thermoresponsive behavior of the PVME/APTES blend films on the filter paper
surface.

Figure 9- Digital images displaying the filter paper before (A) and after treatment with the 50:50 blend (B). The
presence of the blend PVME/APTES film is characterized by a yellowish hue.
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Figure 10- Digital images of the advancing water contact angles on surface made of filter paper at 25 oC (A): 112o,
and 40oC (B): 118o. The values are represented as average ± their standard error.

Figure 11- The average water contact angles for four trials runs of treated filter paper sample surfaces are plotted
above and below LCST, 25 and 40oC, respectively. For the non-rinsed (NR) samples, contained in Chart A,
advancing (A) contact angle increased for each run. For the rinsed (R) samples, contained in Chart B, the A contact
angle increased for all runs. Trial runs where the angle increase was proven to be statistically significant, p<0.05, are
represented by a checkered pattern. An increase in contact angle from below to above LCST displays
thermoresponsive behavior.

Additional analysis was performed to determine average advancing angle trends for all
the runs performed for the filter paper samples. The advancing water contact angles, for NR
samples, at a temperature of ~40oC on the retained blend films were found to be significantly
higher than those found measured at 25oC, verifying thermoresponsive behavior as a transition
from hydrophilic to hydrophobic behavior is observed (~10 o difference, p=0.00). Likewise, the
advancing water contact angles, for R samples, at ~40 oC on the retained blend films displayed a
hydrophobic transition; however, more testing is needed to prove the significance of the R
samples (~5o difference, p=0.07). The hydrophilic to hydrophobic transition, indicated by the
increase in water contact angle measurement from 25oC to 40oC, is represented in Figures 12
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and 13, where for filter paper the average advancing angles for all trials increased from ~100 o to
110o.
The hydrophilic to hydrophobic transition, indicated by the average increase in water
contact angles on the treated surface from 25 to 40 oC was observed for all trials, for both rinsed
and non-rinsed samples. The average increase in water contact angle from below to above LCST
was proven statistically significant for all materials except for the advancing water contact angles
for 30:70-blend NR and filter paper R. Sources of error would be the inconsistent surface
temperature of the treated surface during the contact angle measurements, as heat was lost to the
surroundings. Some precautions were taken such as the utilization of a heated stage, heat lamp,
and infrared thermometer, but surface temperature deviations lower than 40 oC could be resulting
in lower measured water contact angles. Additionally, varying quality of blend films may be
contributing to higher standard error. A higher percentage of humidity in the air could have
hindered the polymer’s ability to crosslink with the cellulose molecules, resulting in a thin or
uneven film. The conditions for each sample run are contained in Appendix A.
Other sources contributing to the nonuniformity of the PVME/APTES blend films were
the dipcoat speed, as thicker films were produced at slower speeds, and the fact that the effects of
PVME/APTES in ethanol solution uptake into the cellulose samples on the final thickness of the
coated PVME/APTES were not considered. The calibration curve of the dipcoat apparatus is
provided in Appendix B. Additionally, oxidation of the cellulose surfaces was performed via
UV/Ozone chamber, however, the use of air plasma could result in better oxidation of the pretreated sample surface.
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Figure 12- The average water contact angles for non-rinsed (NR) for all trials are summarized. This increase was
proven statistically significant for the majority of the treated cellulose surfaces (checkerboard bars) except for the
advancing (A) angle of the 30:70-cellulose/PU blend, the static (S) water contact angles for both the non-oxidized
(nonox) and oxidized (ox) 30:70 cellulose/PU blend surface (solid bars). The increase of the measured water contact
angles indicates a hydrophilic to a hydrophobic transition between 25 to 40oC, verifying thermoresponsive behavior.

Figure 13- The average water contact angle for the rinsed (R) cellulose surfaces for all trials measured at 25 and
40oC. The increase was proven statistically significant for the majority of the treated cellulose surfaces
(checkerboard bars) except for the static (S) angles of the filter papers (solid bars). The increase of the measured
water contact angles indicates a hydrophilic to a hydrophobic transition between 25 to 40 oC, confirming
thermoresponsive behavior.
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Discussion
It was proven that a PVME film can be retained to 30:70-blend of cellulose/PU,
compressed cellulose sponge, natural cotton sheets, and filter paper through the utilization of a
4wt% 50:50 PVME/APTES via dipcoating followed with a thermal annealing. It was predicted
that the treated cellulose surfaces would exhibit a hydrophilic to hydrophobic transition from
below to above LCST, which in this study was observed at surfaces temperatures of 25 and 40 oC.
Before and after oxidation, the 30:70-blend of cellulose/PU surface exhibited slightly
hydrophobic behavior before treatment with the 50:50 PVME/APTES blend, with static water
contact angles of 27±1.6o and 13±0.6o, respectively. Three trial runs of retaining the PVME film
to the 30:70-blend of cellulose/PU surface were performed where contact angle measurements
were made before and after rinsing. For most of the runs, an increase in contact angle was
observed with increasing surface temperature to above LCST. Before rinsing, the increase in
static angle with increase in surface temperature was proven to be statistically significant;
however, the advancing angles did not show a similar trend. After rinsing, two out of the three
runs for advancing and static angles proved statistically significant. Average analysis of all trial
runs showed that the static water contact angles, for NR and R samples, at a temperature of
~40oC on the retained blend films were found to be significantly higher than those measured at
25oC. Similarly, the advancing water contact angles, for NR and R samples, at ~40 oC on the
retained blend films displayed a hydrophobic transition. The average of the change in water
contact angle measurement from 25oC to 40oC for the 30-blend samples the static angle
increased from ~80o to 88o and the advancing angles increased from ~100o to 105o. Not all
measurements were proven statistically significant, so further experimentation is needed to
expand upon the data set.
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We could not measure the static contact angles for the rest of the cellulose substrates as
they exhibited very little to no hydrophobic behavior, as the uptake of the water droplet was
instantaneous before treatment with the 50:50 PVME/APTES blend. For compressed sponges,
water contact angles after rinsing were not observed. For all three runs, an increase water contact
angle was observed when the surface temperature was increased from 25 to 40 oC; however only
run 2 was statistically significant. The average advancing water contact angles for all runs at a
temperature of ~40oC on the retained blend films were found to be significantly higher than
those found measured at 25oC. The average increase in water contact angle measurement from
25oC to 40oC for all trials increased from ~101o to 107o.
Similarly, the natural cotton sheet exhibited a water contact angle increase with
temperature for all four runs before and after rinsing. However, two out of the four runs for each
condition proved statistically significant. The advancing water contact angles, for NR samples, at
a temperature of ~40oC on the retained blend films were found to be significantly higher than
those found measured at 25oC. Likewise, the advancing water contact angles, for R samples, at
~40oC on the retained blend films displayed a hydrophobic transition. The increase in water
contact angle measurement from 25oC to 40oC for all trials increased from ~100o to 110o.
Likewise, an increase in water contact angle with an increase in the filter paper surface
temperature above LCST was observed for all four trial runs; however, three out of the four NR
runs and two out of the four R runs proved statistically significant. The advancing water contact
angles, for NR samples, at a temperature of ~40oC on the retained blend films were found to be
significantly higher than those found measured at 25 oC. The advancing water contact angles, for
R samples, at ~40oC on the retained blend films displayed a hydrophobic transition. The
hydrophilic to hydrophobic transition, indicated by the increase in water contact angle
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measurement from 25oC to 40oC, showed an increase of the average advancing angles for all
trials ~100o to 110o.
Therefore, thermoresponsive behavior was observed for all the cellulose surfaces treated.
The biggest contribution of error is predicted to be due to the difficulty to maintain the surface
temperature of the sample constant during angle measurements. Other areas of exploration would
be to study the effects of uptake during the dipcoating process of treating the cellulose surface
with the 50:50 blend and to observed whether treatment with AP plasma would result in better
retention of PVME on the cellulose surface. It is predicted that further expansion of the data
would prove the feasibility of using PVME bound to cellulose as flexible liners for bioreactors
that will ultimately be used to produce cells and cell sheets in regenerative medicine.
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Appendix A
Material

Run No.

UV Time
(min)

Air
Humidity
(%)

30-blend

1

12

61

22

80

N

2

30-blend

2

12

33

23

80

N

1

30-blend

3

10

30

23

80

N

1

1

10

47

22

120

Y

1

2

10

20

23

80

N

7

3

10

20

23

80

N

7

cotton sheet

1

12

33

23

80

N

1

cotton sheet

2

10

30

23

80

N

1

cotton sheet

3

10

47

22

120

Y

1

cotton sheet

4

10

20

23

80

N

7

filter paper

1

12

33

23

80

N

1

filter paper

2

10

30

23

80

N

1

filter paper

3

10

47

22

120

Y

1

filter paper

4

10

20

23

80

N

7

compressed
sponge
compressed
sponge
compressed
sponge

Room
Oven
Anneal
Vacuum (Y/N)
Time (days)
Temperature (oC) Temperature (oC)

Table A1- The varying process conditions for the treatment of the cellulose surfaces is contained in the table above.
For all runs, the samples were lowered at a dial setting of 30, let set for 10 seconds, then raised at a dial setting of
30. Oxidation times were either 12 or 10 minutes. Air humidity was in between 20 to 33% with spikes of 47 to 61%.
Room temperature was kept constant around 22 to 23oC. Most runs were done at an oven temperature of 80oC
without vacuum, but one run was done at 120oC with vacuum although no significant effects were observed. Anneal
times at a minimum of 1 day to a maximum of one week.
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Appendix B

Figure B1- The calibration curve of the dipcoat apparatus, plotting the dipcoat speed versus the dial setting
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